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ABSTRACT 
Micro- and nanoscale mechanical systems provide unique capabilities for analyzing fluid 
samples in chemical and biological research.  A method of creating nanofluidic systems with 
integrated sensor electrodes is presented with a detailed description of the fabrication process.  
Devices were built by creating nanometer scale copper channels on glass substrates and 
patterning gold cross channels above the copper.  The metal layers were then enclosed in a 
polymer layer with openings at the end of each channel.  The copper layer was then dissolved 
using chemical etching, leaving an open channel with embedded gold electrodes. 
 
The majority of this work focuses on describing the metal etching process.  All of the etching 
was performed by electrochemical dissolution of the copper, where an external electrical 
potential is applied to the sacrificial layer to accelerate the process.  The electrochemical etching 
allows channels several hundred microns long to be created in approximately 20 minutes, 
compared to conventional chemical etching which will take several days.  Etching rates are 
determined for various widths and thicknesses of the channel, as well as the dependence on the 
applied voltage.  Copper sulfate and copper nitrate are evaluated as possible etchant solutions, 
with sulfuric and nitric used to adjust the pH.  Experimental etch rates are presented and 
compared to theoretical approximations based on the Poisson-Boltzmann and Nernst-Plank 
transport equation.  Methods to minimize potential problems such as channel collapse and 
material debris are also discussed.  The finished nanofluidic devices, as well as the etching 
process itself, provide new tools for studying mass and charge transport at the nanoscale. 
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CHAPTER 1 
INTRODUCTION 
 
The goal of this work is to describe a method for creating micro-nanofluidic systems with 
integrated metal electrodes.  Microfluidic and nanofluidic systems function by confining 
fluid samples within channels having dimensions ranging from one nanometer to several 
hundred microns.  These systems can transport, manipulate, and analyze the fluid by 
using specific geometries and additional components within each channel.  Micro-
nanofluidic devices create new possibilities in the areas of biological and chemical testing, 
and offer distinct advantages over traditional laboratory diagnostic techniques.  
Advantages of micro- and nanofluidics include smaller required sample size, portability, 
and lower cost1-3.  Scaling of inertial, viscous, electrical, and gravitational forces also 
leads to unique interactions between molecules at the nanoscale not observed in large 
scale systems.   Understanding these interactions will allow new systems to be created 
that can perform complex chemical and biological reactions. 
 
One of the leading research areas in microfluidics has been developing a Lab-On-A-Chip:  
a portable system that can combine multiple sequential processing steps for chemical or 
biological analysis4, 5.  Although the actual sequences and techniques may differ 
depending on the desired application, the fundamental idea is to take a sample in raw 
form (e.g. air, water, blood) and perform a quantitative analysis identifying some species 
of interest (contaminants, DNA, proteins, etc.).  Many simple one-step processes have 
been demonstrated in microfluidic systems, such as cell separation6, protein 
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concentration7,  and DNA sizing8.  Some research has been performed to combine 
multiple processing steps on a single chip for complete DNA sequencing9-11.  As the 
complexity of these processes increase, devices require more specialized components, 
including pumps, valves, filters, mixers, heaters, and electrodes.  Integrating components 
together often necessitates the need for a wide variety of materials.  Fabricating structures 
in materials with different thermal, chemical, and mechanical properties remains a 
challenge for creating micro- and nanofluidic devices. 
 
The ability to fabricate electrodes inside micro/nanofluidic systems can address several 
design needs for Lab-on-a-Chip devices.  First, electrodes can act as actuators to pump 
solution through the system12.  Electroosmotic pumping can be used to pump solution 
from one end of a channel to the other, depending on the channel surface charge and 
applied voltage.  Electromigration can be used simultaneously to separate ions of 
different charge or mass.  Electrodes may also be used as sensors.  In addition to direct 
electrical or thermal measurements, metal surface chemistry can be modified so selective 
molecules will bind to the surface.  This ability to trap and collect molecules will allow 
species to be concentrated inside the channel before further process steps. 
 
Several techniques have been demonstrated to create micro/nanofluidic channels, most of 
which are based on fabrication methods pioneered by the microelectronic industry.   
Standard optical lithography methods are used to define the channel geometry on a 
substrate, followed by dry or wet etching to define the depth of the channel.  The 
substrate can then be bonded to glass to seal the channel, or used as a stamp for molding 
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patterns into polymer layers.  Carbon nanotubes have also been used as nanofluidic 
channels, but often require additional assembly steps beyond conventional lithography.  
Choosing a suitable fabrication method depends on the compatibility of the materials, the 
geometries and sizes that are desired, available equipment, and the overall time and cost 
to assemble a complete system. 
 
This work presents a method for creating hybrid micro/nanofluidic devices using 
sacrificial metal etching.  Nanochannels are created by enclosing thin strips of copper in a 
polymer layer and electrochemically dissolving the copper to open the channels.  This 
process requires lower temperatures than conventional silicon-glass fabrication methods, 
which allows greater flexibility in choosing the material for the micro-nanochannel 
structure.  The elimination of substrate bonding steps also lowers the risk of nanochannel 
deformation or cracking of metal features.  The influence of channel size, etchant 
solution, and applied voltage on etching rate is reported here, as well methods to improve 
the overall quality and reliability of the process. 
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CHAPTER 2 
BACKGROUND 
 
Early research on microfluidics and other micro-electromechanical systems (MEMS) 
began during the 1970s, when techniques developed for the microelectronics industry 
were recognized as having potential uses that were not limited to manufacturing 
integrated circuits.  One of the first microfluidic devices was a miniaturized gas 
chromatography system, which contained an electromagnetic injection system as well as 
on chip sensors13.   Although these systems offered new opportunities and advantages 
over conventional chromatography techniques, microfluidics was not immediately 
adopted as a viable technology.  In the early 1990s, many new microfluidic systems 
began to emerge for the purpose of chromatography, and eventually spread to 
applications including electrophoretic separation, ion detection, and DNA amplification 
and analysis.  Extensive reviews are available that cover specific applications that have 
been addressed, as well as unique physical and chemical phenomena that occur in 
microfluidic systems14, 15.  Smaller required volumes and lower operation cost are often 
cited as advantages of the systems, but the scaling effects from confining fluids to 
microscale channels are what enable unique capabilities.  Laminar flow and increased 
influence of surface interactions are two distinct features of microfluidic systems, and 
become even more important at the nanoscale. 
  
One of the most common techniques for making microfluidic devices is soft lithography.  
This process uses a patterned mold, usually a permanent photoresist on silicon, which is 
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coated with a curable polymer polydimethylsiloxane (PDMS)16.  The PDMS is then 
removed and attached to on a glass slide or some other rigid substrate, and wells or 
plastic tubing are used to make fluid connections.  The advantage of this process is that 
multiple devices can be made from a single master mold, and the fabrication techniques 
rely on standard processes and equipment already available in microelectronics 
fabrication facilities.  However, PDMS is more flexible than silicon or glass, and residual 
stresses can cause wide aspect ratio channels to collapse.  Another technique is to etch 
channels into a silicon substrate17.  Standard photolithography methods are used to 
pattern a photoresist mask on silicon, followed by a wet etch with hydrofluoric acid, or 
dry etching using fluorine as the reactive etch species.  Etching silicon also requires a cap 
layer to seal the channels.  Glass is often used, due to its optical transparency and 
compatibility with most processing techniques.  Glass can be bonded to silicon using a 
field assisted thermal bonding (or anodic bonding), but temperatures above 400°C are 
required, which limits the use of polymers and low melting point metals.  High bonding 
temperatures also increase the risk of cracks or channel collapse. 
 
An alternative method for creating nanochannels is to use a sacrificial layer that is 
removed after it is covered with another material.  This process is commonly used to 
pattern and release surface microstructures, including suspended beams in accelerometers 
or diaphragms used in pressure sensors18.  The removal of the sacrificial layer is limited 
by diffusion of the etchant species, so larger area features take longer to release.  
Patterning additional holes on surfaces can accelerate the release process by providing 
multiple points to initiate etching, but they cannot be used to create nanofluidic channels 
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since the channel must remain completely enclosed.  The diffusion limited etch process is 
described by Fick’s first and second laws19: 
CDxJ ∇−=
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where J is the flux of ions, D is the diffusion constant, C is the concentration and t is time.  
These equations can be solved analytically for simple geometries to predict the etch 
distance as a function of time. The following boundary conditions are often assumed: 
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The first condition states that the concentration of the etchant solution is initially at the 
bulk solution concentration.  The second boundary condition is known as the semi-
infinite condition, and states that the solution concentration far away from the etch front 
also remains constant.  The final boundary condition describes the situation where 
chemical kinetics proceed faster than the diffusion of species to the surface, and thus the 
concentration is reduced to zero at the surface.  Solving Fick’s laws under these 
conditions yields the Cottrell Equation20: 
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where z is the ion valence, F is Faraday’s constant and A is the electrode cross sectional 
area.  The molecular weight (MW) and mass density (ρ) of the sacrificial material can be 
substituted to express the etch velocity v(t) as a function of time. 
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Note that this solution assumes the diffusion coefficient is constant over time and across 
the length of the channel.  If the diffusion coefficient varies with concentration, an 
analytical solution cannot be produced, and numerical simulations are used to predict the 
etch rate. 
 
Diffusion limited etching is suitable for creating shallow structures, but low throughput 
limits its use in creating nanofluidic channels.  For example, a 2mm long nanochannel 
created from etching silicon with TMAH was reported to take 80 hours21.  One method to 
increase the etch rate is to use electrochemical etching.  Electrochemical etching is 
performed by submerging the sacrificial layer in an electrolyte solution along with a 
reference electrode.  An external electrical potential is then applied to the sacrificial layer.  
This potential causes a change in the reaction kinetics, which can accelerate etching or 
allow reactions that are ordinarily thermodynamically unfavorable to occur.  The applied 
potential also provides an additional driving force for ion transport in the solution, which 
can either assist or inhibit the etching.  Electrochemistry reactions involving metals have 
been studied extensively in the field of corrosion, and data on reaction rates and standard 
potentials are readily available22.  The standard potential indicates the applied potential 
that is required to initiate a chemical reaction with respect to a given etchant solution and 
reference electrode.  The standard potential for dissolving copper via the reaction 
−+ +⇒ eCuCu s 2
2
)(       (6) 
is 0.340 volts with respect to the standard hydrogen electrode20.  When a potential is 
applied, the solid copper will oxidize to form copper(II) ions, and a counter reaction 
simultaneously occurs at the reference electrode or a secondary counter electrode in order 
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to satisfy the conservation of charge.  In the case of copper etching, a positive applied 
potential both increases the reaction rate and provides an additional driving force to 
remove dissolved ions from the surface.  Electrochemical etching can also be performed 
without an external voltage source.  By placing dissimilar metals together in a solution, a 
potential difference will be created at the surface due to the difference in standard 
potentials.  Research has been done to create nanochannels using thin chrome layers 
coupled with gold23. 
 
Mass transport of species in a channel cannot be described solely using Fick’s laws when 
an external potential is applied.  The Nernst-Planck equation is used to describe flux of 
each species19: 
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where R is the universal gas constant, T is temperature, ψ is the electric potential, and υ is 
the net fluid velocity. When considering transport inside microchannels or nanochannels, 
the last term is often ignored since convection is limited.  With uncharged species, the 
second electromigration term will drop out as well, and the Nernst-Planck equation will 
yield the same solution as Fick’s laws.  For ions, the flux is a combination of diffusion 
and electromigration.  Many electrochemical experiments can be simplified by using high 
concentrations of a non-electroactive supporting electrolyte.  This supporting electrolyte 
minimizes the effect of migration on the species of interest, again simplifying the 
problem to a one-dimensional diffusion problem.  Adding a supporting electrolyte is not 
desired for etching channels, since the electromigration increases the overall etch rate.  In 
order to describe the transport of ions with mixed diffusion and migration, the electric 
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potential must also be calculated inside the channel.  The potential distribution is given 
by the Poisson Boltzmann equation24: 
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where ε is the relative dielectric permittivity, ρ is the local charge density, ci∞ is the bulk 
concentration of  species i and k is the Boltzmann constant.  The second term drops out if 
the bulk solution is electrically neutral.  The dielectric constant can also be considered 
constant and can be factored out: 
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This equation can be further simplified if the electrolyte solution contains equal number 
of positive and negative ions with the same valence charge: 
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The local ion concentrations are be calculated by differentiating the Nernst-Planck 
equations with respect to time: 
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Analytical solutions to the coupled Nernst-Planck and Poisson-Boltzmann can been 
determined for systems with no Faradaic reactions at the electrodes.25  When additional 
source terms are introduced at the electrode due to Faradaic reactions, the concentrations 
and potential distribution must be determined using numerical solutions.  
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Transport of species inside a microchannel or nanochannel is also affected by the 
structural material used to create the channel.  Most materials exhibit an inherent surface 
charge when exposed to an electrolyte solution, which depends on the surface chemistry 
as well as the pH of the solution.  This surface charge causes ions in the solution to 
rearrange into what is called the electrical double layer, as shown in Figure 1.  For a 
material with a negative surface charge, a monolayer of anions is specifically absorbed to 
the surface, known as the inner Helmholtz plane20.  This layer is followed by the outer 
Helmholtz plane, which consists of solvated cations.  Additional solvated cations are 
distributed in the diffuse layer, until reaching the bulk solution which contains a mixture 
of cations and anions.  For a material with a positive surface charge this scenario is 
reversed.  This distribution of charge produces an electrical potential across the surface, 
as well as an interfacial capacitance.  The formation of the electrical double layer can be 
utilized to create electroosmotic flow.  When a potential is applied across a channel, the 
cations in the diffuse layer migrate from positive to negative.  These positive ions drag 
the rest of the solution with them through viscous forces.  Even though the solution is 
electrically neutral, there is a net fluid flow from the positive to the negative potential.  
The mechanism of electroosmotic pumping is commonly used to transport fluids in 
microfluidic devices26.  If surface charge and ion concentrations are known within the 
channel, the flow rate can be predicted. 
 
Typical thicknesses for the electrical double layer range from 1nm to 1µm depending on 
the concentration of the solution.  As a result, the majority of solution in a microchannel 
can still be considered in the “bulk”, with only a fraction in the double layer itself.  
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However, as channel dimensions approach the nanoscale, the double layer structure 
begins to overlap with itself.  Several studies have shown that these overlapping double 
layers can result in selective nanochannels that will only permit positive or negative ions 
to pass through7.  The assumptions made to predict flow rates in microchannels break 
down at the nanoscale, and further work is needed to understand the chemical and 
electrical interactions that occur. 
 
In order to understand transport through nanofluidic channels, quantitative measurements 
are needed to determine the electrical and chemical phenomena that occur within the 
channel, and how these phenomena differ from the microscale and bulk conditions.  
Experiments have been performed to measure the steaming current through a 
nanochannel under applied potentials, as well as size and charge exclusion studies using 
various molecules, but these experiments do not provide information about local changes 
inside the channel27.  New methods are needed to probe the axial and radial electrical 
potentials inside a nanochannel, as well as monitoring characteristics such as 
concentration, pH, and temperature. 
 
The ability to create gold electrodes within the surface of a microchannel or nanochannel 
offers several new capabilities.  Electrodes can be used to drive electroosmotic flow, or as 
sensors to measure electrical potential.  Gold is particularly useful in that the surface can 
be chemically modified using thiol groups, a common end group in organic molecules 
consisting of a sulfur and a hydrogen28.   These thiolated molecules can be used for the 
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general purpose of changing the surface charge within a channel, or to act as affinity 
based binding sites for other biomolecules.  
 
Figure 1:  Structure of the electrical double layer showing the inner 
Helmholtz plane (IHP), outer Helmholtz plan (OHP), and the diffuse layer. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURE 
 
The design of the micro/nanofluidic device is shown in Figure 2.  Substrates were 
prepared by scribing glass microscope slides from Fisher Scientific into 16x16mm 
squares and rinsing with acetone and isopropyl alcohol (IPA).  The substrates were then 
dried and spun at 5000 rpm with AZ1518 photoresist.  They were then baked at 110°C 
for 3 minutes, followed by a 6 second exposure in an ultraviolet flood exposures system 
(AMB, Inc.) with the appropriate mask.  The samples were developed in AZ327 
developer for approximately one minute and rinsed with deionized water.  Next, the 
patterned samples were exposed to an oxygen plasma in a March Jupiter RIE for 1 
minute at 200W to remove any residual photoresist.  Copper was then deposited in a 
customized sputtering chamber (AJA International) for 2-6 minutes, depending on the 
desired thickness.  Samples were then placed in an acetone bath in an ultrasonic cleaner 
for one hour to remove the remaining photoresist.  This process is accelerated by gently 
wiping the sample with an acetone soaked swab, but this method also increased the risk 
of surface scratches.  After photoresist removal, samples were rinsed with IPA and the 
copper thickness was verified using an Alpha-Step IQ profilometer. 
 
Gold electrodes can be added on top of the copper nanochannel using the same process 
described above.  After patterning, about 5 nm of titanium was sputtered onto the samples 
to act as an adhesion layer, followed by 100 nm of gold.  Liftoff was again performed in 
an acetone bath. 
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After creating the metal layers, a polymer support layer was added to enclose the copper 
and create microchannel fluid input and outputs.  This support layer was created by 
spincoatting a patternable polymer, in this case PMMA (poly methylmethacrylate) or SU-
8.  The PMMA layer was created using a custom mixture of PMMA dissolved in 
PGMEA and Anisole.  This mixture was spun on samples at 5000 rpm, and cured in a 
convection oven for six hours at 180°C to remove the solvent and crosslink the polymer 
chains.  Microchannels were patterned by aligning silicon shadow masks to the samples 
and etching the PMMA in an oxygen plasma at 300W for 5 minutes.  Further details on 
the PMMA fabrication process are provided in previous literature29. 
Samples with SU-8 as a support layer were created by spincoatting with SU-8 2005 from 
Microchem.  The SU-8 was spun at 2000 rpm, followed by a bake at 70°C for 2 minutes 
and 100°C for 5 minutes.  The samples were placed on a silicon wafer and exposed with 
the microchannel pattern in an EVG Mask Aligner for 10 seconds.  A post exposure bake 
was then performed at 70°C for 1 minute and 100°C for 2 minutes.  Finally, the sample 
sacrificial 
copper 
gold 
electrodes 
microfluidic 
channels 
copper 
counter 
electrode 
200µm 2mm 
Figure 2:  Device layout.  The overall design is shown, left, with the sacrificial 
channel and cross electrodes shown on the right. 
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was submerged in SU-8 developer for approximately 1 minute and rinsed with IPA.  
Pattern transfer was verified using an Olympus MX-60 optical microscope. 
 
To package the devices, a thin layer of PDMS was placed on top of the device, with 2mm 
diameter holes punched to serve as fluid reservoirs and to provide access to the electrical 
connections.  Electrical connections were initially created by soldering 30AWG copper 
wire to contact pads using lead/tin/bismuth solder.  In later experiments, a package was 
designed and built using a 3-D systems Stereolithography Apparatus to hold gold pogo 
pins on the contact pads.  A fully assembled device is shown in Figure 3.   
 
 
To remove the sacrificial copper, the lower microchannel was filled with the appropriate 
etching solution using vacuum.  Wires were then attached to the copper channels and the 
channel etching was observed using a Leica DMIRE inverted microscope.  An electrical 
potential was applied using an HP 33220A function generator with the center sacrificial 
channel as the anode and the lower channel as the cathode.  Current was monitored using 
5mm 
Figure 3:  Fully assembled device with copper nanochannels and gold cross 
electrodes. 
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a custom made power supply/ammeter, and the position of the etch front was 
simultaneously monitored with a Retiga EXI camera using Image Pro Plus software. 
 
Several factors were varied to study how they change the etch rate of the nanochannels 
and if any problems are encountered.  The thickness of the channel was adjusted by 
changing the sputtering time.  For this study, thicknesses of 30, 50, and 100 nm were 
chosen.  The width of the channels was also changed using several different mask designs, 
with widths varying from 10 to 100 µm.   Etching solutions were prepared by dissolving 
solid copper sulfate or copper nitrate into de-ionized water at varying concentrations.  For 
several tests the pH of the solution was lowered by adding sulfuric acid or nitric acid to 
the solutions.  Testing etchants at a higher pH was examined by dissolving ammonium 
hydroxide into the solution. 
 
17 
CHAPTER 4 
RESULTS AND DISCUSSION 
 
Figure 4 shows a copper nanochannel in SU-8 during several different times during the 
etching process.  This channel was etched using 0.7M CuSO4 with an applied voltage of 
1.0 volts, although etching with different size channels or different solutions typically 
yielded similar images.  In all of the tests, the chemical reaction occurring at the anode is 
described by 
−+ +⇒ eCuCu s 2
2
)(       (13) 
with the reverse reaction occurring on the cathode.  It is possible for a copper(I) ion to 
form as an intermediate step, but most electrochemistry literature treats the reaction as a 
one-step process since the initial charge transfer is the rate limiting step30.  Other studies 
have also studied the use of hydrogen peroxide to create an intermediate copper oxide31, 
but this reaction was not studied here to simplify the described chemical reaction.  The 
overall time to etch a 200µm long 10µm channel is approximately 20 minutes.  Several 
devices were fabricated with in-channel gold electrodes, but the presence of these 
electrodes did not appear to influence the etch rate of the channel.  Unless otherwise 
stated reported etch rates are for copper nanochannels on glass substrates without cross 
electrodes. It is important to point out the etching solutions chosen already contain copper 
ions, opposed to an etchant solution that is a pure acid.  This was done to ensure an 
excess of copper ions at the cathode.  The etch process is limited only by the reaction and 
mass transport inside the nanochannel, and not the reduction reaction that occurs on the 
cathode.   
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Figure 5 shows etch rate data for several different thicknesses of nanochannels.  These 
channels were etched with 0.7M CuSO4 and an applied potential of one volt.  Unless 
otherwise stated, all etch rate data was graphed with respect to time and a best fit line was 
determined in the form 
tAx *=          (14) 
where x is the lateral etch distance in microns, A is a fitting constant, and t is time in 
seconds.  For 30, 50, and 100nm thick copper channels, there does not appear to be any 
significant differences in etch rate.  Figure 6 shows similar results for etching channels of 
different widths.  Data for channels 10, 20, and 100µm wide all show similar etch rates.  
The observation that cross sectional area does not affect the etch rate is supported by 
examining the one-dimensional Nernst-Planck equations: 
Initial Channel t = 1 minute 
t = 3 minutes 
 
t = 2 minutes 
Figure 4:  Etch process for a 10µm wide by 50nm thick copper 
nanochannel in CuSO4.   
 
19 
dx
dDC
RT
Fz
dx
dCDtxJ Ψ−−=),(     (15) 
The flux of ions does not depend on area, so if the cross section of the channel increases 
the current will increase, but the actual etch rate remains constant since more material 
needs to be removed.  Previous literature reported a size dependence for the etch rate, but 
this dependence can be explained by convection induced by bubble formation at the etch 
front21.  No noticeable bubbles formed when etching at one volt, so the convection was 
considered negligible.  The thicknesses of the channels tested were also at least an order 
of magnitude greater than the calculated electrical double layer thickness for the etchant 
solution.  According to the Debye-Hückel equation: 
eIN
kT
A
d 2
ελ =       (16) 
where NA is the Avogadro number, e is the charge of and electronic and I is ionic strength, 
a 0.7 M CuSO4 will have an electrical double layer thickness of about 0.2nm, whereas the 
thinnest channel tested was 30nm.  This means the etching can be treated as a one 
dimensional mass transport problem, with no direct dependence on channel size.  If the 
channels were much thinner an effect from overlapping electrical double layers may 
influence the etch rate, but this also leads to problems with high electrical resistance in 
the copper. 
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Figure 6:  Etch rate for a fixed thickness of 100nm and different widths. 
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Figure 5:  Etch rate for a fixed width of 10µm and different thicknesses. 
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Copper nitrate was compared with copper sulfate as an etchant solution.  Figure 7 shows 
etch data for 0.7M copper sulfate and copper nitrate at one volt applied potential.  Copper 
nitrate shows a faster etch rate than copper sulfate.  Although the presence of the nitrate 
ions can change the reaction kinetics, this etch rate change is primarily due to the increase 
in solubility of copper ions in copper nitrate compared to copper sulfate.  Copper sulfate 
has a maximum solubility of 1.4M at room temperature compared to copper nitrate’s 
maximum solubility of 5.0M32  If the ion concentration gradient is approximated to be 
linear throughout the channel, the maximum attainable current (and therefore etch rate) 
varies with the square root of concentration23.  The etch distance can be derived: 
   tLcD
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zMWL )(12 +
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      (17) 
where L is channel length, MW is molecular weight, ρ is density, z+ and z- are the 
valences of the positive and negative ions, D+ is the diffusion coefficient, and c(L) is the 
ion concentration at the etch front.  If the etching is not reaction rate limited, the solution 
can be considered saturated at the etch front, and the equation can be reduced to the form 
in equation 14.   Table 1 shows theoretical and experimental etch rate constants.  
Discrepancies in these values may arise from the fact that the diffusion coefficient is not 
constant and varies with concentration, as well as temperature and pH.   A detailed list of 
the fitted etch rate constants for all of the experiments performed is given in Appendix A. 
 
Etching was performed over a range of applied voltages for both copper sulfate and 
copper nitrate with several different size channels.  Figure 7 shows data for applied 
voltages ranging from 0.5 to 2 volts using copper sulfate as the etchant and channels 
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20µm wide by 50nm thick.  Fitted etch rate constants are plotted as a function of voltage.  
Etch rates vary linearly with voltage from 0.5 to 0.7 volts, and then reaches a constant 
rate around 0.9 volts.  Below 0.5 volts etching was not observed.  Above 0.9 volts the 
process is mass transport limited, and additional increases in voltage will not drive the 
reaction any faster.  The linear relationship between etch rate and voltage below 0.9 volts 
does not match reaction rate limited data for typical metal electrochemisty20.  This 
relationship occurs due to the competing limitations from mass transport of the copper 
ions and the metal dissolution rate.  Describing the theoretical etch rate under these 
conditions requires complex finite element methods.   
 
Above 1.2 volts, hydrolysis was observed at the anode, as water molecules break down 
into oxygen.  However, this reaction was not observed to have any noticeable affect on 
etch rate, which remains constant between 0.9 and 2 volts.  Several samples tested 
showed noticeable debris on the surface of the channel, which is believed to be residual 
copper from uneven etching.  This debris was only observed at voltages above 1.2 volts 
where oxygen generation occurred.  If applications are desired that are sensitive to metal 
contaminations inside the nanochannel, these higher voltages should be avoided. 
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Table 1:  Etch rate constants for copper sulfate and copper nitrate. 
 CuSO4 Cu(NO3)2 
Experimental 5.98 µm/s-0.5 9.03 µm/s-0.5 
Theoretical 5.46 µm/s-0.5 10.03 µm/s-0.5 
 
 
 
Figure 7:  Etch distance vs. time with 0.7M copper sulfate and copper nitrate with 
100nm thick nanochannel and different widths. 
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Figure 8:  Voltage effect on etch rate in CuSO4.  a) Distance versus time for 0.5V to 
2V.  b) Fitted etch rate constants.   
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Although the width of the nanochannels did not significantly influence the overall etch 
rate, at lower voltages the width was observed to lead to fluctuations in the geometry of 
the etch front.  Under most conditions the copper appeared flat at the solid liquid 
interface, with roughness of only a few microns.  However, devices with 100µm wide 
channels demonstrated faster etching along the edges of the channels, resulting in a 
curved or triangular shaped etch front.  This affect was also only noticeable at 0.5 and 0.6 
volts, above which channels demonstrated the typical flat etch front.  Figure 9 
demonstrates sequential images of a 100µm channel with 0.5 volts applied.  The edges 
appear to etch about twice as fast as the center of the channel initially.  After etching 
approximately 3 minutes, this affect actually reverses, and the center of the copper strip is 
etched away faster than the edges.  Eventually the etch front flattens out and resumes 
normal etching behavior.  Explaining this phenomenon quantitatively will require three 
dimensional electrodynamic simulations, but a basic mechanism is described here.  When 
etching begins, copper ions that are generated at the surface experience an electromotive 
force from both the applied electric field in the direction of etching, as well as from the 
potential drop across the electrical double layer at the sidewalls as shown in Figure 10.  
This potential drop at the sidewalls pushes the ions towards the center, allowing etching 
to accelerate at the edges and slowing the removal at the center.  Eventually, the 
sidewalls etch in far enough to “sharpen” the copper into a tip, which in turn enhances the 
local electric field near the center of the channel.  The higher electric field increases 
etching, until the center is flattened out and an even etch front is created.  This behavior 
would be less likely to occur at higher applied voltages, where the electric field in the 
etch direction is greater than the potential drop at the sidewalls.  Wider channels would 
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also increase this effect, since the concentration of ions across the width of the channel 
will take longer to equilibrate.  A complete, quantitative description of this etching would 
require solving three dimensional Nernst-Planck transport equations coupled with Debye-
Hückel theory and copper reaction kinetics, which is beyond the scope of this work.  
 
 
t = 30 seconds t = 1 minute 
t = 3 minutes t = 5 minutes 
50 µm 
Figure 9:  Etching geometry for Cu(NO3)2 with 0.5V applied.  The edges etch faster 
initially, until the center becomes a point.  The center etching accelerates until the 
etch front is nearly flat. 
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The pH of etching solutions was adjusted by adding 1% sulfuric or nitric acid.  Although 
adding acid typically increases etch rates in bulk solutions, it had little affect on etching 
the nanochannels, and lead to a slight decrease in rate.  Increasing pH above 4 without 
changing the solution chemistry cannot be achieved easily, since copper hydroxide is 
insoluble in water.  One study was performed by adding ammonium hydroxide to copper 
nitrate.  The addition of ammonium hydroxide completely prevented etching under 2.0 
volts.  With 3 volts applied, etching occurred with a constant etch rate, which was 
different from all other experiments that showed square root time dependence.  A graph 
Figure 10:  Dissolved copper ion density and electromotive forces inside the 
nanochannel.  Ions at the sidewalls experience a force from the anode, FA, as well as 
a force from the potential drop in the electrical double layer, FEDL. 
Solid Copper SU-8  
Sidewalls 
= Copper(II) Ion 
FEDL 
FA Fnet 
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of etch distance versus time is shown in Figure 11 with a linear fit.  This constant etch 
rate is observed due to rapid evolution of oxygen during the process.  Gas evolution adds 
a convective term to the Nernst mass transport equations, which leads to constant 
removal of copper ions from the channel, and thus a constant etch rate.  It is unclear if the 
ammonia ion participates in any secondary reaction during etching.  The higher voltage 
required to initiate etching likely arises due to passivation of the copper surface with 
copper oxide from the hydroxide ions.  The use of ammonium hydroxide with higher 
applied voltages allows longer channels to be etched since the etch rate remains constant 
over time.  However, rapid etching increases the possibility of debris in the channel, so 
this method should be avoided if optical transparency and low metal contamination are 
required in future processing.  
 
 
Figure 11:  Etch distance vs. time for a 20µm wide, 50nm thick copper channel 
using copper nitrate with ammonium hydroxide. 
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The photolithography and metallization steps used to create the initial sacrificial 
nanochannel follow standard procedures used in the field of micromachining.  However, 
it should be noted that after the copper deposition the use of de-ionized water to clean 
samples is avoided whenever possible.  This is due to the fact that copper can oxidize and 
etch away in the water, even without any externally applied potential.  Samples with 
copper channels that were rinsed in deionized water had visible roughening on the 
sidewalls, and if gold electrodes were patterned over the copper the gold flaked off due to 
the copper undercutting.  Solvents other than acetone and IPA were also not used, as 
literature shows many organic solvents can dissolve copper.33 
 
The photoresist SU-8 was chosen as the structural layer of the nanofluidic devices due to 
its high structural rigidity, which prevents channel deformation, and the relative ease of 
integrating microchannels to serve as fluid inputs and outputs.  Certain applications may 
require a different structural layer, depending on the desired surface chemistry, optical 
transparency, or other factors.  PMMA was evaluated as an alternative to SU-8 in the 
sacrificial etching process.  A protective titanium layer was needed to prevent oxidation 
of copper during the PMMA curing, so the etching process is driven by a combination of 
the applied voltage and the electrochemical potential differences between copper and 
titanium.  This additional driving force leads to a faster overall etch rate, but also leaves 
titanium residue in the channel.  Although this residue eventually dissolves, the channels 
still exhibit noticeable residue not present in tests with SU-8 and copper nanochannels, as 
shown in Figure 12.  Another problem observed when using PMMA was the 
delamination from the glass substrate at the edges of the channel, or in some cases even 
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cracking.  The delamination creates leaks along the sides of the channel, which further 
increase non-uniformities in the etching plane, leaving spots or streaks of copper in the 
channel.  The PMMA is also thinner than the SU-8 (1µm compared to 10µm) and has a 
lower elastic modulus (2.5GPa compared to 4.0GPA).  The delamination coupled with 
lower structural strength can cause sagging that closes off the center of the channel. 
 
Preliminary tests involving etching the copper nanochannels over gold electrodes 
suffered from current leakage between the copper and the gold channels.  In some cases 
this current leakage caused a shift in potential that led to sudden bubble generation when 
the etch front reached the gold.  If there is leakage between the grounded counter 
electrode and the gold channels, copper will redeposit dendrite-like structures on the 
surface of the gold.  In some cases these dendrites grew all the way back up to the copper 
nanochannel, leading to alternating etching/redeposition.  These problems were initially 
observed in PMMA, and were attributed to delamination from the glass at the edge of the 
channel.  However, SU-8 samples demonstrated similar problems even when the SU-8 
remained adhered to the glass.  It was discovered that the current leakage was occurring 
due to cracks and delamination and the edge of the device that formed during the 
soldering of electrical connections and the solder or solder flux provided an electrical 
short between channels.  This problem was mitigated by using a custom sample holder 
that used gold pogo-pins for electrical connections.  Eliminating the soldering step solved 
issues with current leakage, and the etching of copper was unaffected by the presence of 
gold electrodes.  A device with a completely etched nanochannel and three integrated 
electrodes is shown in Figure 13. 
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Figure 13:  Etching of a copper nanochannel over a gold electrode.  The gold 
electrode does not appear to influence the etch process. 
 
20 µm 50 µm 
Figure 12:  Residue left in the channels during etching in PMMA.   
 
100 µm 100 µm 
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CHAPTER 5 
CONCLUSIONS AND FUTURE WORK 
 
Electrochemical etching of sacrificial copper channels provides an effective method for 
creating nanofluidic devices.  Channels with nanometer scale thicknesses and lengths up 
to several hundred microns can be completely etched in less than 30 minutes, compared 
to conventional chemical etching that takes several days.  The etch rate is not affected by 
the width or thickness of the channel.  Increasing the applied potential on the channel will 
accelerate etching in the range of 0.5 to 0.9 volts, at which point the solution becomes 
saturated at the etch front and a maximum etch rate is achieved.  For most purposes 
higher voltages should be avoided, since bubble generation can lead to uneven etching 
and debris.  Gold electrodes can be integrated into the channel to serves as sensors or 
binding sights in additional studies. 
 
 This research provides an overview of a specific fabrication method for creating 
nanofluidic systems and its underlying principles.  Future work will focus on examining 
molecular transport through the nanochannel with greater detail, and using the integrated 
gold electrodes to directly measure potential or the presence of specific molecules.  The 
overall goal is to develop a complete quantitative map of electrical potential, ion 
concentration, and pH within a nanochannel, and to study how these properties vary 
when transitioning from the microscale to the nanoscale.  Understanding the mass 
transport processes and chemical reactions at this size scale will help develop powerful 
new tools in biological and chemical research. 
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 APPENDIX A:  FITTED ETCH RATES 
 
The tables below list the parameters for each set of etching experiments with the 
calculated etch rate coefficient from a best fit line. 
   
Table 2:  Etch rates for 0.7M copper sulfate with different widths and thicknesses 
Thickness 
(nm) 
Width 
(µm) Solution 
Voltage 
(V) 
Square Root Fit  
(µm /s1/2) 
30 10 CuSO4 1 5.85 
30 20 CuSO4 1 6.00 
30 100 CuSO4 1 5.97 
50 10 CuSO4 1 5.90 
50 10 CuSO4 1 5.89 
50 20 CuSO4 1 6.14 
50 20 CuSO4 1 6.01 
50 100 CuSO4 1 6.06 
50 100 CuSO4 1 6.09 
100 10 CuSO4 1 6.14 
100 10 CuSO4 1 5.83 
100 20 CuSO4 1 6.05 
100 20 CuSO4 1 5.98 
100 100 CuSO4 1 6.12 
100 100 CuSO4 1 6.09 
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Table 3:  Etch rates for 0.7M copper sulfate with different voltages 
Thickness 
(nm) 
Width 
(µm) Solution 
Voltage 
(V) 
Square Root Fit  
(µm /s1/2) 
50 20 CuSO4 0.5 3.14 
50 20 CuSO4 0.5 3.07 
50 20 CuSO4 0.6 3.51 
50 20 CuSO4 0.6 3.5 
50 20 CuSO4 0.7 3.8 
50 20 CuSO4 0.7 4.66 
50 20 CuSO4 0.8 5.68 
50 20 CuSO4 0.8 4.83 
50 20 CuSO4 0.9 5.82 
50 20 CuSO4 0.9 6.13 
50 20 CuSO4 1 6.14 
50 20 CuSO4 1 6.01 
50 20 CuSO4 1.5 6.2 
50 20 CuSO4 1.5 5.98 
50 20 CuSO4 2 5.93 
50 20 CuSO4 2 6.15 
 
Table 4:  Etch rates for 0.7M copper nitrate 
Thickness 
(nm) 
Width 
(µm) Solution 
Voltage 
(V) 
Square Root Fit  
(µm /s1/2) 
100 10 Cu(NO3)2 1 9.27 
100 20 Cu(NO3)2 1 8.77 
50 10 Cu(NO3)2 1 9.34 
50 20 Cu(NO3)2 1 8.78 
 
Table 5:  Etch rates with 1% sulfuric or nitric acid (pH~0.5) 
Thickness 
(nm) 
Width 
(µm) Solution 
Voltage 
(V) 
Square Root Fit  
(µm /s1/2) 
50 10 CuSO4 low pH 1 5.77 
50 20 CuSO4 low pH 1 5.62 
50 100 CuSO4 low pH 1 5.45 
50 10 
Cu(NO3)2 low 
pH 1 7.99 
50 20 
Cu(NO3)2 low 
pH 1 8.53 
50 100 
Cu(NO3)2 low 
pH 1 8.43 
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Table 6:  Etch rates with 1% ammonium hydroxide (pH~8) 
Thickness 
(nm) 
Width 
(µm) Solution 
Voltage 
(V) Linear Fit (µm/s) 
50 20 
Cu(NO3)2 high 
pH 3 1.83 
50 100 
Cu(NO3)2 high 
pH 3 1.85 
 
